Abstract. The aim of the present study was to investigate the in vitro effect of osteopontin (OPN) on the expression of hypoxia-inducible factor-2α (HIF-2α) in chondrocytes and the role of OPN in osteoarthritis (OA). Cartilage was purified from the tibial surfaces of patients with OA of the knee and cultured in vitro to obtain chondrocytes. Recombinant human OPN (rhOPN) and OPN small interfering RNA (siRNA) were used to treat the chondrocytes, and the changes in the expression levels of the HIF-2α gene were measured. An anti-CD44 blocking monoclonal antibody (mAb) was used to determine the probable ligand-receptor interactions. Reverse transcription-quantitative polymerase chain reaction assays were designed and validated with SYBR ® Green dyes for the simultaneous quantification of the mRNA expression levels of OPN and HIF-2α. The mRNA expression level of HIF-2α was markedly decreased in the rhOPN-treated group compared with that in the control group; by contrast, OPN siRNA increased HIF-2α gene expression. CD44 blocking mAb suppressed the inhibitory effect of OPN on HIF-2α mRNA expression. The results of the present study suggest that OPN may play a protective role in OA by inhibiting HIF-2α gene expression in osteoarthritic chondrocytes through CD44 interaction.
Introduction
Osteoarthritis (OA) is a metabolically active, dynamic process that affects all joint tissues. The major clinical signs of the disease include destruction of the articular cartilage and changes to the underlying subchondral bone. However, the etiology of the disease remains poorly understood. Several biochemical and biomechanical factors are considered to play a role in the pathogenesis. Osteopontin (OPN), also known as early T cell activation gene-1 (Eta-1) is abundant in bone tissue and may be secreted by a number of different cell types including chondrocytes and synoviocytes (1) (2) (3) (4) . OPN is upregulated in human chondrocytes (5) . A previous study found that the level of OPN mRNA isolated from human OA cartilage was increased as compared with that in normal cartilage (5). Furthermore, the expression level of OPN in the plasma, synovial fluid and articular cartilage is associated with progressive joint damage and may be a useful biomarker for determining the severity and progression of disease in knee OA (6, 7) . OPN interacts with a variety of cell surface receptors, including integrin and CD44 (8) . The receptor CD44 has been implicated in the development and progression of OA, and CD44 present in articular cartilage has been associated with progressive knee OA joint damage (9, 10) . However, the role of OPN in the pathological changes in knee OA remains unknown.
Articular cartilage is an avascular tissue that derives its nutritional and oxygen supply by a diffusion process from the synovial fluid and subchondral bone. Thus, articular cartilage is maintained in a low oxygen environment in the body (11) . Chondrocytes are therefore adapted to these hypoxic conditions. A number of previous studies have shown that hypoxia triggers essential positive signals for the chondrocyte phenotype (12) (13) (14) . Adaptation to this avascular environment is mediated by hypoxia-inducible factor (HIF)-1 and HIF-2 (12). The HIF protein family consists of α and β subunit members that function by forming heterodimers (12) . Two HIF isoforms (HIF-1α and HIF-2α) mediate the response of cells to hypoxia (13, 14) . In a previous study, HIF-2α was demonstrated to be essential for the endochondral ossification of cultured chondrocytes and embryonic skeletal growth in mice (15) . Furthermore, HIF-2α expression has been found to be higher in osteoarthritic cartilage than in non-diseased cartilage in mice and humans (15) . Another study observed that HIF-2α increased the expression levels of genes encoding catabolic factors, including matrix metalloproteinases (MMPs) -1, 3, 9, 12 and 13, aggrecanase-1, nitric oxide synthase-2 and prostaglandin-endoperoxide synthase-2 in chondrocytes (16) . Thus, HIF-2α is an important catabolic transcription factor in the process of OA development and may be considered as a therapeutic target for OA.
The association between HIF-2α and OPN in chondrocytes remains unclear. The aim of the current in vitro study was to investigate the effect of OPN on HIF-2α mRNA expression in chondrocytes from patients with OA of the knee in order to reveal the role of OPN in OA.
Materials and methods
Chondrocyte culture. The present study protocol was approved by the Institutional Review Board of the Xiangya Hospital Central South University (Changsha, China). The articular hyaline cartilage was removed from the tibial surfaces of 6 patients with OA of the knee who had undergone a total knee replacement. Written informed consent was obtained from the patients. After washing twice with phosphate-buffered saline (PBS), the cartilage was ground with a scalpel blade into 1-5-mm 3 sections. The cartilage sections were subsequently digested with 5-8 ml 0.2% collagenase II (Sigma-Aldrich, St. Louis, MO, USA) for 12-16 h at 37˚C with 5% CO 2 . The digestion was terminated with 8-10 ml Dulbecco's modified Eagle's medium/F12 (DMEM/F12; Hyclone, Logan, UT, USA). The released chondrocyte pellets at the bottom of the centrifuge tube were suctioned and transferred to a culture flask following centrifugation at 150 x g for 6 min. The cells were subsequently counted using a hemocytometer (Beckman Coulter, Brea, CA, USA) and cell viability was determined using trypan blue exclusion. Cell pellets were resuspended in 5 ml DMEM/F12 containing 15% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA) and 1% penicillin/streptomycin solution (Gibco), and incubated for 24 h at 37˚C with 5% CO 2 in a plastic culture flask. The non-adherent cells were subsequently washed out. The remaining adherent cells were cultured for an additional 2 weeks in a flask, while the growth medium was changed every 3 days prior to trypsinization, and then transferred to new culture flasks.
Transfection of OPN small interfering RNA (siRNA) into chondrocytes.
The siRNAs specific to OPN were designed and synthesized by Invitrogen Trading (Shanghai) Co., Ltd (Shanghai, China) with reference to the coding sequence for human OPN. The siRNA sequences were as follows: sense, 5'-CCU GUG CCA UAC CAG UUA ATT-3' and antisense, 5'-UUA ACU GGU AUG GCA CAG GTT-3'. Transfection of siRNAs to the cells was performed with Lipofectamine ™ 2000 reagent (Invitrogen Life Technologies, San Diego, CA, USA) according to the manufacturer's instructions. Briefly, on the day prior to transfection, exponentially growing cells were seeded onto six-well plates at a density of 1.5x10 5 cells/well in the DMEM without antibiotics. Upon reaching 70% confluence, the cells were transfected with 50 nmol siRNA using Lipofectamine ™ 2000. After 24 h, total RNA was isolated and the expression levels of the relative transcripts were detected by reverse transcription (RT)-quantitative polymerase chain reaction (qPCR).
Cell treatment. The chondrocytes were plated in 6-well culture plates and serum starved for 24 h in DMEM/F12 medium containing 1% FBS to synchronize cells in a non-activating and non-proliferating phase. The chondrocytes were subsequently cultured in DMEM/F12 containing 15% FBS. Three groups were established. The control group comprised chondrocytes that were unstimulated and untreated. The recombinant human OPN (rhOPN) group comprised chondrocytes that were treated with 1 µg/ml rhOPN (1433-OP; R&D Systems, Minneapolis, MN, USA) for 24 h, and the third group was the OPN siRNA group comprising chondrocytes transfected with OPN siRNA. In blocking experiments carried out to determine the possible involvement of CD44, chondrocytes were incubated with a mouse anti-CD44 monoclonal antibody (20 µg/ml; LS-C87848; LifeSpan Biosciences, Seattle, WA, USA) or isotype control IgG1 (10 µg/ml; Abcam, Cambridge, UK) 1 h prior to rhOPN treatment for 24 h.
Cell viability assay. Cell viability following treatment with rhOPN or siRNA for 24 h was determined using a colourimetric MTT assay. One day prior to the rhOPN or siRNA treatment, the cells were seeded into 96-well plates. After 24 h of rhOPN or siRNA treatment, culture medium was removed and 20 µl MTT solution (5 mg/ml in PBS) was added into each well and incubated at 37˚C with 5% CO 2 for 4 h. The supernatant was then aspirated and the formazan reaction products were dissolved using dimethyl sulphoxide (Sigma-Aldrich) solution and agitated for 15 min. Spectrophotometric absorbance was measured at 570 nm using a Multiskan MK3 ELISA plate reader (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
RNA isolation, quantification and RT.
Following treatment, the chondrocytes were lysed and total RNA was extracted with TRIzol ® reagent (Invitrogen Life Technologies, Rockville MD, USA) according to the manufacturer's instructions. Total RNA was quantified using a Biochrom Libra S60 spectrophotometer (Biochrom Ltd, Cambridge, UK). A total of 1 µg RNA was converted to cDNA using a RevertAid ™ First Strand cDNA Synthesis kit (Fermentas, Thermo Fisher Scientific, Inc.). First, all components were mixed, including the template RNA (1 µg), oligo (dT) 18 primer (1 µl) and RNase-free water (to a total volume of 12 µl). The mixture was produced by gentle mixing, brief centrifugation at 8,000 x g for 15 sec and incubation at 65˚C for 5 min. It was subsequently chilled on ice, centrifuged at 1,000 x g for 5 sec and the vial was placed back on ice. The following components were added: 5X Reaction buffer (4 µl), RiboLock ™ RNase inhibitor (20 u/µl) (1 µl), 10 mM dNTP mix (2 µl) and RevertAid ™ M-MuLV Reverse transcriptase (200 U/µl; 2 µl) to a final volume of 20 µl. This reaction mixture was incubated for 60 min at 42˚C and terminated by heating at 70˚C for 5 min. The cDNA products were stored in aliquots at -80˚C until required. water at a volume of 25 µl. The TP800 Thermal Cycler Dice Real Time system (Takara Bio, Inc., Otsu, Japan) was used for all qPCR. The PCR thermal conditions were as follows: 50˚C uracil-DNA glycosylase (UDG; Roche Diagnostics, Basel, Switzerland) pretreatment for 2 min, 1 cycle at 95˚C for 10 min for initial denaturation, 40 repeats of a 15 sec 95˚C denaturation step, a 30 sec 30˚C annealing step and a 30 sec extension step at 72˚C. A melting curve was constructed following the final amplification period via a temperature gradient from 95˚C for 15 sec, 55˚C for 30 sec and 95˚C for 15 sec. The GAPDH gene was used as an endogenous control. Relative expression levels of the genes of interest were calculated and expressed as 2 -ΔΔCt . All quantities were expressed as n-fold relative to a calibrator.
Statistical analysis. Data were analyzed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA) for statistical evaluation. Data are expressed as the mean ± standard error of the mean. The statistical analysis of the differences between experimental groups was performed by the Student's t-test. One-way analysis of variance followed by the Student-Newman-Keuls test were used to analyze the differences among the three experimental groups. P<0.05 was considered to indicate a statistically significant difference.
Results

OPN siRNA effectively inhibits endogenous chondrocyte OPN expression in vitro.
Chondrocytes were transfected with OPN siRNA oligonucleotides using Lipofectamine ™ 2000. After 24 h of culture in vitro, OPN gene expression was analyzed by RT-qPCR. The OPN siRNA oligonucleotide was able to effectively suppress OPN gene expression in vitro when compared with the control group (Fig. 1) . The OPN-specific siRNAs did not affect the expression of the housekeeping gene GAPDH (data not shown).
Cell viability. Fig. 2 shows the MTT data as the percentage of cell viability compared with that of the control. The results revealed that rhOPN and OPN siRNA, respectively, did not suppress human chondrocyte survival in vitro following incubation for 24 h (P>0.05). 
HIF-2α mRNA expression of chondrocytes in vitro.
The mRNA expression level of HIF-2α was markedly decreased in the rhOPN group compared with the control group following 24 h of treatment. OPN siRNA, however, increased the HIF-2α mRNA expression level compared with that in the other groups (P<0.05; Fig. 3 ).
CD44-blocking mAb attenuates the inhibitory effect of OPN on HIF-2α mRNA expression. In the chondrocytes obtained from patients with OA, pretreatment with anti-CD44 blocking mAb caused the level of OPN-induced HIF-2α mRNA expression to increase when compared with that in the rhOPN group (P<0.05; Fig. 4) . However, pretreatment with an isotype-matched control IgG1 had no significant effect on the HIF-2α mRNA expression level when compared with that in the rhOPN group (P>0.05; Fig. 4 ).
Discussion
Cartilage damage is one of the main pathological changes in OA. In a study of human OA cartilage samples conducted by Attur et al (17) , it was found that the expression levels of OPN were increased in OA cartilage, with a significant upregulation of the expression of OPN mRNA compared with that in normal cartilage. The study also observed that the addition of recombinant OPN to the OA cartilage under ex vivo conditions inhibited the production of nitric oxide and prostaglandin E2. This suggests that OPN is overexpressed in OA cartilage and may function as an endogenous inhibitor of inflammatory mediators in cartilage (17) . In another study, OPN deficiency was demonstrated to exacerbate aging-associated and instability-induced OA; the structural changes and loss of proteoglycan from cartilage tissue were shown to be greater in OPN-deficient mice than in wild-type mice (18) . The study also found that OPN deficiency led to the induction of MMP-13. This indicates that OPN is involved in the progression of OA; however, the role of OPN in arthritis and joint diseases remains incompletely understood (18) . Previous studies have shown that the level of OPN is elevated in OA plasma, cartilage and synovial fluid (6, 7) . RT-PCR is the preferred technique for the analysis of gene expression due to its high sensitivity. In particular, RT-qPCR has the advantages of a wide dynamic detection range and a higher reliability of results than conventional PCR (19) . In RT-qPCR, DNA fragment amplification may be quantified using Taqman probes or SYBR Green fluorescence with equivalent accuracy, however SYBR Green is less expensive compared with the Taqman probes (20) . In the current study, RT-qPCR assays were conducted with SYBR Green dye for quantification of the changes in the expression of different genes.
The present study showed that OPN is able to inhibit the expression of HIF-2α at the mRNA level in chondrocytes obtained from patients with OA of the knee. To the best of our knowledge, the current study is the first to report this association. Articular cartilage is an avascular connective tissue in which the availability of oxygen and glucose is significantly lower compared with that in the synovial fluid and plasma (11) . Oxygen and nutrient maintenance is critical to cell fate, senescence and apoptosis (21) . Previous studies have suggested that chondrocyte death plays a key role in cartilage degeneration (22) (23) (24) (25) (26) . Chondrocyte cell death through apoptosis, necrosis, chondroptosis or a combination of these processes has been implicated in the pathogenesis of OA (26) . The level of HIF-2α in human and mouse OA chondrocytes has been observed to be markedly elevated compared with normal chondrocytes, and to be associated with the increased apoptosis of articular chondrocytes (27) . HIF-2α increases Fas-mediated chondrocyte apoptosis, which is associated with OA cartilage destruction (28) . In addition, a previous study reported an enhanced expression of OPN under hypoxia; OPN is known to confer cytoprotection against hypoxia/reoxygenation-induced apoptosis (29) . In the current study, HIF-2α mRNA expression was decreased with OPN upregulation, whereas it was increased with OPN downregulation. Since HIF-2α is a catabolic regulator of osteoarthritic cartilage destruction (16) , the downregulation of HIF-2α by an elevated level of OPN may be a mechanism for the affected chondrocytes to return to a state of homeostasis. Thus, the present results indicate that OPN may play a protective role in OA, which has also been speculated in certain previous studies (17, 18) .
OPN interacts with integrin receptors and CD44 to initiate chemotaxis, promote cell adhesion and modulate cell function. CD44 is noted to be an important mediator in chondrocyte cell-matrix interactions that involve proteoglycan, hyaluronan or link protein aggregates (29) (30) (31) . A previous study indicated that it is not necessary for each CD44 present on the chondrocyte cell to be occupied with hyaluronan in order to maintain a cell-associated matrix (21) . A previous study demonstrated the re-expression of bovine chondrocyte cell surface CD44 following trypsin-treatment and indicated that only 25% of normal cell surface CD44 expression on bovine chondrocytes is required for the assembly of a hyaluronan-anchored, cell-associated matrix (32) . In the present study, pretreatment of chondrocytes with anti-CD44 blocking mAb suppressed the inhibitory effect of OPN on the mRNA expression of HIF-2α. The results suggest that the inhibitory effects of OPN on HIF-2α in chondrocytes are mediated through the interaction of CD44 with OPN. Further studies are required to elucidate the OPN-CD44 downstream signaling pathway in OA chondrocytes.
In conclusion, the results of the present study indicate that OPN may play a protective role in OA by inhibiting HIF-2α gene expression in osteoarthritic chondrocytes via CD44 interaction.
